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Abstract 

In this paper, we present an analysis of inductors on an 
Alumina substrate over the temperature range of 25 to 475° C. 
Five sets of inductors, each set consisting of a 1.5, 2.5, 3.5, 
and a 4.5 turn inductor with different line width and spacing, 
were measured on a high temperature probe station from 10 
MHz to 30 GHz. From these measured characteristics, it is 
shown that the inductance is nearly independent of 
temperature for low frequencies compared to the self resonant 
frequency, the parasitic capacitances are independent of 
temperature, and the resistance varies nearly linearly with 
temperature. These characteristics result in the self resonant 
frequency decreasing by only a few percent as the 
temperature is increased from 25 to 475° C, but the maximum 
quality factor decreases by a factor of 2 to 3. These 
observations based on measured data are confirmed through 
2D simulations using Sonnet software. 

I. Introduction 

High temperature electronic circuits are finding many uses 
for a variety of commercial applications. For example, a 
variety of high temperature sensors are required for 
automobiles, including on-engine sensors that operate up to 
150° C, power brake sensors that operate through 140° C, and 
engine exhaust sensors operating through 850° C [1]. The 
development of geothermal energy is progressing rapidly 
because it is a clean energy, but the drilling to and monitoring 
of the subterranean temperature requires sensors operating to 
as high as 300° C [2]. The oil and natural gas drilling industry 
requires sensors and electronics that operate through 225° C 
[3]. Aircraft engine intelligent control and health monitoring 
require many different sensors [4] that operate over a range of 
temperatures through 500° C [5], [6], and probably higher. 

Many high temperature electronic circuits and sensors rely 
on inductors. Some RFID tags use a tuned FC circuit in 
which the capacitance varies with an environmental variable 
and the resulting change in the resonant frequency is detected 
[7], [8]. High temperature oscillators operating at 200° C and 
270° C [9], [10] and wireless sensors operating at 400° C [1 1], 
[12] use an FC tuned oscillator to frequency modulate a 
signal that varies with an environmental variable. Thus, it is 
critical to understand how the inductor behaves as a function 
of temperature. 

Several papers have been published with limited measured 
characteristics of thin film inductors as a function of 
temperature. Inductors have been characterized on high 
resistivity silicon and sapphire substrates over a temperature 
range of 25 to 150° C [1], on a BiCMOS silicon substrate over 
a temperature range of 25 to 125° C [2], and on a CMOS 


silicon substrate over a temperature range of 25 to 100° C [3]. 
On a GaAs substrate with a polyimide interface layer, 
inductors were characterized over the temperature range of 25 
to 185° C [4]. Unfortunately, Si and GaAs are not suitable 
substrates for high temperature circuits. A preliminary set of 
measurements of inductors on a SiC substrate, which is 
capable of supporting high temperature circuits, over a 
temperature range of 25 to 200° C was presented in [5]. 

In this paper, five sets of inductors with different numbers 
of turns, different inner radius, and different line widths are 
measured as a function of temperature. From the measured, 
results, conclusions are derived. These are confirmed with 
EM simulations of the inductors. Section II describes the 
inductors, Section III describes the measurement procedures, 
Section IV presents the measured results, and Section V 
discusses the results. 

II. Description of Inductors 

Figure 1 shows a line drawing of an inductor from the 
mask file. The dimension of the inner rectangle is called R, 
the width of the metal traces in the inductor is W, and the 
space between the coils is S. As seen in Fig. 1, the inductor 
has a ground connection between the two RF probe ports on 
the left and right hand sides. The distance between the coil 
and the ground is kept at 200 pm in all of the test structures. 
Table I shows all of the other the dimensions. 
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Figure 1: Fine drawing of inductor mask. 


Table I: Dimensions of 5 sets of inductors. 


# Turns 

W (pm) 

S (pm) 

R (pm) 

1.5, 2.5, 3.5, 4.5 

50 

25 

150 

1.5, 2.5, 3.5, 4.5 

75 

25 

150 

1.5, 2.5, 3.5, 4.5 

25 

25 

150 

1.5, 2.5, 3.5, 4.5 

50 

25 

250 

1.5, 2.5, 3.5, 4.5 

25 

25 

250 


U.S. Government work not protected by U.S. copyright 713 2010 Electronic Components and Technology Conference 


Authorized licensed use limited to: IEEE Editors in Chief. Downloaded on June 30,201 0 at 1 4:1 1 :33 UTC from IEEE Xplore. Restrictions apply. 




The inductors were fabricated on a 508 jam thick, 99.6 %, 
double side polished alumina substrate. The metal structures 
were defined through a “lift-off’ process with a 0.025 pm 
thick Ti adhesion layer, a 0.51 pm thick first level Au layer, 
and a 1.0 pm thick second level Au layer. The entire coil is 
therefore 1.51 pm thick except under the crossover, which is 
0.51 pm. Because the inductors are being characterized at 
temperatures through 475° C, an airbridge is not used. 
Instead, the crossover is supported by a Si0 2 /Si 3 N 4 stack that 
is 0.85 pm thick. 

III. Measurement and Modeling Procedures 

The inductors were characterized on a high temperature 
RF probe station [18]. In two sets of measurements, GGB 
Industries, Model 50 A RF probes modified by the 
manufacturer for high temperature testing were used for 
measurements from 25 to 475° C [18]. For this set of 
measurements, on-wafer short/open/load/thru (SOLT) 
calibration was performed at each temperature through 175° C 
with the GGB Industries cal standard wafer; for higher 
temperatures, the 175° C calibration was used. In a third set of 
measurements, Suss MicroTec |Z| probes were used from 25 
to 325° C, with the SUSS SOLT calibration standard used to 
calibrate at every temperature through 225° C; again, for 
temperatures higher than 225° C, the 225° C calibration was 
used. After the SOLT calibration, which establishes the 
reference plane at the probe tips, an open and a short circuit 
structure as shown in Fig. 2 was measured for pad removal 
using the Cascade WinCal software. The pad removal corrects 
for the capacitance and inductance caused by the pads, and it 
is therefore expected to correct for small variations in the 
probe parasitic reactance due to a change in temperature for 
the higher temperatures where the wafer calibration was not 
performed. 



Figure 2: Open and short structures for pad parasitic reactance 
removal. 

The measured S-parameters were analyzed by two 
methods. First, the S-parameters were used in ADS Software 
and fit to the equivalent circuit shown in Fig. 3. For the 
fitting, the measured data through the Self Resonant 
Frequency (SRF) was used, and the gradient optimization 
routine was performed. Note that this method results in 
frequency independent component values. 

In the second method, the S-parameters were converted to 
Y-parameters. Then, the equivalent model shown in Fig. 4 
(Note that the capacitance C P cannot be separated from the 
inductance in the series arm) was used to determine the 
equivalent circuit element values by: 


coCl=Im(Y n +Y 12 ) 

a) 

coC2=Im(Y 22 +Y 12 ) 

(2) 

R=-ite(l/Y 12 ) 

(3) 

coL=-/m(l/Y 12 ) 

(4) 


where co is the frequency in radians, Re(X) is the real part of 
X, and Im (X) is the imaginary part of X. Note that this method 
yields frequency dependant parameters. Thus, for determining 
the inductance and resistance, the average inductance or 
resistance from 0.5 to 2 GHz where the parameter variation 
with frequency is small (See next section) was used. Because 
capacitance is difficult to determine at low frequency, the 
average capacitance from 1.5 to 4 GHz was used. The quality 
factor, Q, is found from 

Q=coL/R=- Im(Y u )/Re(Yn) (5) 

and the SRF is determined from where Q=0, which is the 
same as L=0. 

2D electromagnetic simulations of 1.5 and 4.5 turn 
inductors were performed with Sonnet software. Both 
inductors were simulated at 25, 175, 325 and 475° C; to 
account for the rise in temperature, only the metal resistivity 
was varied according to p=p 0 (l+aAT), where p 0 =2.44 pQ-cm 
at 20° C, a=0.0034/° C, and AT is the temperature difference 
from 20° C [19]. The pad removal structures were also 
simulated in Sonnet, and the resulting S-parameter files for 
the inductors and the pad calibration structures were used in 
WinCal to obtain calibrated S-parameter files of the inductors. 
These were then converted to Y-parameters and the 
equivalent circuit component values were determined. 



Figure 3: Equivalent circuit model of inductor for ADS model 
extraction. 



Figure 4: Equivalent circuit model for Y-parameter model 
extraction. 

IV. Measured Results 

To provide a sample of the data and to give a qualitative 
understanding of the data, the measured equivalent circuit 
parameters for Fig. 4, calculated from the Y-parameters for 
the 1.5 turn inductor of the first row of Table I, are shown in 
Figs. 5-7, and Fig. 8 shows the resulting quality factor. It is 
seen that the inductance has the typical relationship with 
frequency; it is nearly constant at low frequency and increases 
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dramatically as the self resonant frequency is approached. The 
range of inductances characterized in this paper is 0.8 to 18 
nH. The capacitances Cl and C2 are nearly independent of 
frequency, and R increases with frequency as expected due to 
the frequency dependence of the skin depth [20]. It is also 
seen that L, Cl, and C2 are nearly independent of 
temperature, while R increases with temperature as expected 
due to the increase in resistivity with temperature. Because to 
a first order Q=coL/R, the maximum Q decreases with 
temperature. 

The equivalent circuit parameters for each inductor were 
also determined by ADS. Figs. 9-11 show the ADS and the 
Y-parameters inductance, capacitances Cl and C2, and 
resistance, R, respectively, determined for the 1.5 turn 
inductor of row 1 of Table I as a function of temperature. It is 
seen that the inductance determined by the two methods 
agrees well, with the Y-parameter inductance being higher; 
this is expected because the Y-parameter inductance 
incorporates the capacitance C P , which, to a first order, 
increases the inductance by a factor of l/(l-co 2 LC P ). Cl, C2, 
and R also agree well between the two methods. Because of 
the good agreement between the two methods, both or either 
can be used throughout the paper to determine the 
temperature dependence of the inductor parameters. Also 
plotted on Figs. 9-11 is the equivalent circuit parameters 
calculated from the Sonnet simulations; it is seen that these 
also agree well with the measured data. 

So far, data for only a single inductor has been shown. To 
draw more complete conclusions, Figs. 12-14 show the 
normalized variation of L, self resonant frequency (SRF), and 
Q max as a function of temperature for every inductor measured 
and the Sonnet simulations (AL=[L(T)-L(25° C)]/L(25° C). 
The definitions for SRF and Q max are similar). In Fig. 12, it is 
seen that the variation or error in the measured inductances is 
less than 10%; the data also shows that L increases by less 
than 2% as the temperature increases from 25 to 500° C. The 
inductance derived from the EM simulations agrees with the 
measured data. In Fig. 13, the measured SRF shows a 
decrease of 2% while the Sonnet simulations show a 0% 
change as the temperature increases from 25 to 500° C. The 
variation of Q max with temperature is substantial, with an 
average decrease in Q max of 60% over the temperature range 
of 25 to 500° C. 



Figure 5: Inductance as a function of frequency and 
temperature for 1.5 turn inductor from row 1 of Table I. 




Frequency (GHz) 

(b) 

Figure 6: Cl and C2 as a function of frequency and 
temperature for 1.5 turn inductor from row 1 of Table I. 
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Frequency (GHz) 

Figure 7: R as a function of frequency and temperature for 1.5 
turn inductor from row 1 of Table I. 



Frequency (GHz) 

Figure 8: Q as a function of frequency and temperature for 1.5 
turn inductor from row 1 of Table I. 
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Figure 10: Cl and C2 as a function of temperature for the 1.5 
turn inductor of row 1 of Table I determined by ADS, the Y- 
parameters, and Sonnet. 
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Figure 9: L as a function of temperature for the 1.5 turn 
inductor of row 1 of Table I determined by ADS, the Y- 
parameters, and Sonnet. 


Temperature (°C) 

Figure 11: R as a function of temperature for the 1.5 turn 
inductor of row 1 of Table I determined by ADS, the Y- 
parameters, and Sonnet. 
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Temperature (°C) 

Figure 12: Normalized change in inductance as a function of 
temperature for all inductors measured. Blue squares are the 
same for Sonnet simulations. 



Figure 13: Normalized change in self resonant frequency as a 
function of temperature for all inductors measured. Blue 
squares are the same for Sonnet simulations. 



Temperature (°C) 

Figure 14: Normalized change in Q max as a function of 
temperature for all inductors measured. Blue squares are the 
same for Sonnet simulations. 


V. Discussions 

The inductance of a metal strip or an inductor is 
comprised of internal inductance, self inductance and mutual- 
inductance. The self and mutual inductances are dependent on 
the permeability of the surrounding material and the physical 
layout of the inductor, such as W, S, R, and the number of 
turns [21], [22]. Since none of these parameters vary 
appreciably with temperature, the self and mutual inductances 
are not expected to vary with temperature. The internal 
inductance of the metal strip is [23]: 


L i = FFTp = a/tM) A> Vl + aAT (6) 

coW coW 

where / is the length of the strip or coil. Thus, F varies with 
temperature as: 


dL { a 

dT ~ 1 2(1 + aT) 


(7) 


Since a=0.0034/° C, the maximum expected percentage 
change in internal inductance is 0.17 %. Since the internal 
inductance is small compared to the self and the mutual 
inductance, the expected temperature variation in inductance 
is expected to be very small. This agrees with the data shown 
in Fig. 12 and the results of the prior cited papers. 

The SRF can be shown to be: 


SRF = 



R 2 C 

L 


(Hz) 


( 8 ) 


where C=Ci+C P . Since R 2 C«L for a typical inductor, the 
SRF may be approximated as: 


SRF = 


r 2 c n 


2 ttJlC 




(9) 


Differentiating SRF with respect to T and again using 
R 2 C«L yields: 


dSRF =SRF -C8R 
dT L dT 


( 10 ) 


Because C«L and resistance increases with temperature for 
metals, the percentage change in SRF is expected to be 
negative and small due to an increase in temperature. This 
agrees with Fig. 13. Because SRF is nearly constant with 
temperature and L has been shown to be constant with 
temperature, it follows that C must also be constant with 
temperature, as shown in Fig. 10. Also, since the frequency at 
which Q is maximum, fq max , can be shown to be SRF/V3, fQ max 
is not expected to vary with temperature either; this is seen in 
Fig. 8. 

The resistance is expected to increase with temperature 
because the resistivity increases with temperature. The DC 
resistance of a metal strip is known to be R=pl/Wt, where all 
of the parameters have already been defined. At high 
frequencies, the current does not uniformly flow through the 
cross section of the strip, and the resistance can be estimated 
as [20]: 

(id 
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where 6 is the skin depth. If t/S»l (or f— >oo), then 

R _ 71 f Mo P 

W 


( 12 ) 


and if t/6«l (or f— >0) and using a Taylor series expansion of 
l-e" t/5 , the usual DC resistance is obtained. Thus, the 
resistance R(f,T) in the two limits is: 


R(0,T) = l -^-[l + ccT] 

wr J 


(13a) 


= f+aT (13b) 


For aT«l, or T<200° C, (13b) may be approximated as: 

aT 




1 +- 


(14) 


Thus, from (13a) and (14), the resistance is expected to 
increase linearly with temperature. By using a linear 
regression fit through the resistance versus temperature data 
and taking the ratio of the slope to the intercept point, 
according to (13a) and (14), the result should be either a or 
a/2, respectively. In fact, the ratio is 6.791 • 10' 3 ± 2.4817- 10" 3 , 
which is a factor of 2 greater than the handbook value of 

0.0034. It is noted that a determined by this method is greater 
than the handbook value for all of the inductor geometries. 

The maximum Q can be derived as: 

2 [L 1 

y ”““3V3 Icjt ( * 

where R 2 C«L is again assumed. Since R is the only 
component that varies with temperature and it is expected to 
vary as R(T)=R 0 (l+aT), where R 0 is the 20° C resistance, 
Qmax is expected to decrease with temperature as (1+aT)' 1 . 
Using the handbook value of a=0.0034, the expected 
decrease in Q max as the temperature is increased from 20 to 
500° C is 62%. If the value of a found from the linear fit to 
the measured R is used, Q max should decrease by 77 % over 
the same temperature range. The AQ max shown in Fig. 14 is 
within the range of these values. 


VI. Conclusions 

Thus, the inductance and parasitic capacitance of thin 
film, planar inductors on alumina substrates have been shown 
to not vary appreciably as a function of temperature, which 
agrees with the conclusions from previous papers that were 
based on a smaller range of temperatures. Therefore, the 
frequency of high temperature oscillators or other resonant 
circuits is not expected to vary by more than a few percent 
due to variations in the inductance. However, the resistance 
does vary, causing the maximum Q to decrease by 
approximately 70% over the temperature range of 20 to 500° 
C, and this may affect the inductor’s ability to satisfy circuit 
requirements. 
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